Stimulator of interferon genes (STING) is an endoplasmic reticulum transmembrane protein that serves as a molecular hub for activation of interferon and inflammatory cytokine response by multiple cellular DNA sensors. Not surprisingly, STING has been demonstrated to play an important role in host defense against microorganisms and pharmacologic activation of STING is considered as an attractive strategy to treat viral diseases and boost antitumor immunity. In light of this we established a HepAD38-derived reporter cell line that expresses firefly luciferase in response to the activation of cyclic GMP-AMP synthase (cGAS)-STING pathway for high throughput screening (HTS) of small molecular human STING agonists. This cell-based reporter assay required only 4 h treatment with a reference STING agonist to induce a robust luciferase signal and was demonstrated to have an excellent performance in HTS format. By screening 16,000 compounds, a dispiro diketopiperzine (DSDP) compound was identified to induce cytokine response in a manner dependent on the expression of functional human STING, but not mouse STING. Moreover, we showed that DSDP induced an interferon-dominant cytokine response in human skin fibroblasts and peripheral blood mononuclear cells, which in turn potently suppressed the replication of yellow fever virus, dengue virus and Zika virus. We have thus established a robust cell-based assay system suitable for rapid discovery and mechanistic analyses of cGAS-STING pathway agonists. Identification of DSDP as a human STING agonist enriches the pipelines of STING-targeting drug development for treatment of viral infections and cancers.
Introduction
The genomes of vertebrate animals encode an array of proteins called pattern recognition receptors (PRRs) that recognize pathogen associated molecular patterns upon infection of microorganisms to activate a proinflammatory cytokine response (Akira et al., 2006) . This innate cytokine response not only inhibits the proliferation and limits the spread of microorganisms, but also orchestrates the induction of more powerful adaptive immune response to ultimately control the microorganism infections (Chang et al., 2012; Iwasaki and Medzhitov, 2015) . Stimulator of interferon genes (STING) is a transmembrane protein localized in the endoplasmic reticulum (ER) membrane and serves as a PRR for cyclic dinucleotides produced by intracellular bacteria or synthesized by the cytoplasmic DNA sensor, cyclic GMP-AMP synthase (cGAS) Wu et al., 2013) . Binding of the cyclic dinucleotides to STING induces its dimerization and translocation from ER membrane to perinuclear vesicles and subsequently activates NFkB and TBK-1/IRF3 (Burdette et al., 2011; Yin et al., 2012) . Activation of these signaling pathways induces the expression of type I and type III interferons as well as other proinflammatory cytokines (Tanaka and Chen, 2012) . In addition, STING also serves as the adaptor for several other cytoplasmic and nuclear PRRs that recognize DNA to activate innate immune responses (Chen et al., 2016; Kondo et al., 2013) . Therefore, STING is a molecular hub for DNA activation of innate immune response and has been demonstrated to play an essential role in host defense against the infection of DNA viruses, retroviruses, intracellular bacteria and protozoa (Cai et al., 2014) . Moreover, accumulating evidence suggests that STING also plays an important role in host anti-tumor immunity (Corrales et al., 2016) .
Recently, several studies showed that activation of STING with small molecular agonists can induce cellular processes that can efficiently inhibit the replication of many DNA and RNA viruses, boost host anti-tumor immune response and enhance the immunogenicity of vaccines Corrales et al., 2016) . These studies prove the concept that pharmacologic activation of STING is an attractive immunotherapeutic approach to treat viral infection and cancer Woo et al., 2015) . In addition, STING agonists have also been developed as vaccination adjuvants to break immune tolerance against cancer cells and viruses that establish chronic infections in humans (Li et al., 2013) .
Currently, there are two classes of STING agonists, cyclic dinucleotides (CDNs) and non-nucleotide small molecules. Bacteria produced cyclic-di-GMP and cyclic-di-AMP are the first STING agonists identified (Burdette et al., 2011) . With the discovery of cytosolic DNA sensor cGAS, its catalytic product 2',3'-cGAMP was identified as an even more potent STING agonist (Zhang et al., 2013) . Although the various formulations of CDNs have been demonstrated to facilitate the activation of antitumor immune response in mouse models (Fu et al., 2015) , their poor cell membrane permeability and metabolic instability limit their biological activity and medical applications. Accordingly, medicinal chemistry efforts have been made to produce novel CDNs that are resistant to the degradation of cellular ecto-nucleotide pyrophosphatase/phosphodiesterase (ENPP1) Lioux et al., 2016) . In addition, delivery of CDNs with nanoparticles or liposomes improved their antitumor activities in vivo (Hanson et al., 2015) . So far, there are only two non-nucleotide small molecular STING agonists, DMXAA and G10. 5,6-dimethylxanthenone-4-acetic acid (DMXAA) was initially discovered and developed as a vascular disrupting agent with antitumor activity in various mouse models, but failed in phase III clinical trials for treatment of lung cancer (Conlon et al., 2013) . It was recently identified to be a specific agonist of mouse STING and induced an interferon (IFN)-dominant cytokine response to potently inhibit the replication of influenza A virus, hepatitis B virus and also alphavirus in mice (Cavlar et al., 2013; Conlon et al., 2013; Guo et al., 2015) . Interestingly, a genetic study revealed that a single amino acid substitution (S162A) in human STING confers DMXAA sensitivity, which provides a clue for the synthesis of DMXAA analogues as human STING agonists . G10, or 4-(2-chloro-6-fluorobenzyl)-N-(furan-2-ylmethyl)-3-oxo-3,4-dihydro-2H-benzo [b] [1,4]thiazine-6-carboxamide, is a recently identified human STING-specific agonist by high throughput screening. G10 had been demonstrated to induce an antiviral response in human fibroblasts against alphaviruses, but its in vivo biological activity and pharmacological property remain to be determined (Sali et al., 2015) .
In order to discover small molecular STING agonists with favorable pharmacological properties as the candidates of immunotherapeutics or vaccination adjuvants for viral diseases and cancers, we set out to establish a cell-based cGAS-STING pathway reporter assay and discovered a dispiro diketopiperzine (DSDP) compound that induces proinflammatory cytokine response in a human STING-dependent manner. We have thus demonstrated the robustness and usefulness of this assay as a platform for high throughput screening of the cGAS-STING pathway agonists. In addition, we have also developed a molecular and cellular tool kit for target validation and mechanistic analysis of the identified agonists.
Materials and methods

Cell lines, viruses and reagents
Human hepatoblastoma cell line HepG2 was obtained from ATCC and maintained in Dulbecco's modified minimal essential medium (DMEM)/F12 (Corning) supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin. HepAD38 is a HepG2-derived stable cell line supporting a tetracycline (tet)-inducible replication of hepatitis B virus (HBV) and was maintained in DMEM/F12 medium supplemented with 10% fetal bovine serum, 400 μg/ml of G418 and 1 μg/ml tetracycline (Ladner et al., 1997) . HepAD38/cGAS-STING and HepAD38/cGAS-STINGΔC are HepAD38-derived cell line constitutively expressing human cGAS and STING or a mutant STING with deletion of 39 amino acid residues from carboxyl terminus (STINGΔC) and were maintained in DMEM/F12 medium supplemented with 10% fetal bovine serum, 400 μg/ml of G418, 2 μg/ml of puromycin and 1 μg/ml tetracycline (Guo et al., 2017) . Vero (green monkey kidney) cells were maintained in DMEM (Corning) supplemented with 10% fetal bovine serum. THF cells are derived from primary human diploid foreskin fibroblasts (HFF) with extended passage life through expressing of a cDNA encoding the catalytic subunit of human telomerase and were maintained in DMEM with 10% fetal bovine serum (Bresnahan et al., 2000) . Human Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque density gradient centrifugation (Miltenyi Biotech) from the whole blood of healthy donors (Biological Specialty). Freshly isolated PBMCs were cultured in RPMI-1640 medium (Corning) supplemented with L-Glutamine and 10% fetal bovine serum.
Sendai virus (SenV, strain 52) and human serum derived PRVABC59 strain of Zika virus (ZIKV) were purchased from ATCC. A plasmid containing the yellow fever virus (YFV) 17D complete genomic complementary DNA (cDNA), pACNR/FLYF-17Dx was a gift of Dr. Charles M. Rice at Rockefeller University (Bredenbeek et al., 2003; Rice et al., 1985) . A plasmid containing the dengue virus (DENV) serotype 2 New Guinea C strain cDNA (pACYC177-NGC-DENV-2) was a gift of Dr. PeiYong Shi at University of Taxis Medical Branch in Galveston (Xie et al., 2013) . YFV 17D and DENV-2 virus stocks were produced by electroporation of Huh7.5 cells with in vitro transcribed RNAs from the corresponding cDNA constructs, as described previously (Guo et al., 2016) .
2′3′-cGAMP, Pam3CSK4, Poly I:C, LPS and Gardiquimod were purchased from Invivogen. G10, a small molecule human STING agonist (Sali et al., 2015) , served as a control compound and was purchased from Aobious. Double strand DNA 90 (dsDNA-90) was prepared as previously described (Guo et al., 2017) . Dispiro diketopiperzine (DSDP) was purchased from Maybridge. Mouse STING agonist 5,6-dimethylxanthenone-4-acetic acid (DMXAA) was purchased from AdooQ BioScience.
Establishment of reporter cell lines for high throughput screening
HepAD38/cGAS-STING-derived reporter cell line that expresses firefly luciferase under the control of an ISG54 promoter (HepAD38/ cGAS-STING/ISG54Luc) were established by transduction of pGreenFire ISRE lentivector-based transcription reporter system following the manufacturer's protocol (System Biosciences). The pGreenFire ISRE reporter lentiviral vector contains four copies of consensus interferon stimulated response element (ISRE) sequences derived from ISG54 ISRE1, which control the expression of both green fluorescent protein (GFP) and firefly luciferase in response to IRF3 activation and IFN stimulation (Levy et al., 1988) . As a negative control, a HepAD38/cGAS-STINGΔC-derived ISG54 promoter reporter cell line (HepAD38/cGAS-STINGΔC/ISG54Luc) was also established using the same pGreenFire ISRE lentivector system.
High throughput screening assay
HitFinder library containing 16,000 small molecule compounds was screened (Maybridge). HepAD38/cGAS-STING cell line was originally established for investigation of HBV interaction with cGAS-STING DNA sensor pathway (Guo et al., 2017) . However, for screening of cGAS and or STING agonists, the HepAD38/cGAS-STING/ISG54 reporter cell line was cultured in complete DMEM/F12 medium containing 1 μg/ml tet throughout the experimental period, which completely prevents HBV replication (Ladner et al., 1997) . Briefly, HepAD38/cGAS-STING/ISG54Luc cells were seeded in black wall/clear bottom 96-well plates at a density of 4 × 10 4 /well in 1 ml of medium with 1 μg/mL of tet overnight. For each plate, column 1 wells were mock-treated with 2% DMSO, and the column 12 wells were treated with 20 μM of G10 to serve as negative and positive controls, respectively. Each of the well in columns 2 to 11 was treated with a library compound at 20 μM with 2% DMSO. The firefly luciferase activities were determined at 4 h post treatment by using equal volume of Steady-Glo (Promega), followed by luminometry in a Top Counter (Perkin Elmer). Typically, forty to fifty plates containing 3200 to 4000 of library compounds were tested in a single experiment. In addition, a control plate, with half of the plate treated with 20 μM of G10 and half of the plate mock-treated, was included in each experiment to calculate Z' value for that batch of experiment.
The compounds that induced luciferase by greater than 3-fold and Z score of greater than 5 were scored as primary "hits". The primary "hits" were subjected to further evaluation of dose-dependent effect on luciferase activity in HepAD38/cGAS-STING/ISG54Luc and HepAD38/ cGAS-STINGΔC/ISG54Luc cells. The compounds that dose-dependently enhanced luciferase expression with induction greater than 10-fold at the highest dose (100 μM) in HepAD38/cGAS-STING/ISG54Luc, but not in cGAS-STINGΔC/ISG54Luc cells were considered as confirmed agonist "hits" of cGAS-STING pathway.
Establishment of HepG2-derived cell lines stably expressing human and mouse STING
HepG2 cells stably expressing wild-type human STING (HepG2/ STING), a mutant STING with deletion of 39 amino acid residues from carboxyl terminus (HepG2/STINGΔC), or mouse STING (HepG2/ mSTING) were established by transduction of pCX4bsr retroviral vector (Addgene) containing the corresponding STING cDNA and selection with 10 μg/ml of blasticidin for two weeks. The HepG2/STING cells were also transduced by pGreenFire ISRE lentivector system (System Biosciences) to generate a reporter cell line HepG2/STING/ISG54Luc.
MTT assay
To determine the cell viability, a MTT assay (Sigma) was performed as described previously (Chang et al., 2009) . Cells were treated with various concentrations of test compounds to determine the concentration that resulted in 50% cell death (CC 50 ).
Analysis of cytokine gene expression by qRT-PCR assays
Total cellular RNAs were extracted using TRIzol (Invitrogen). IFN-β mRNA, TNFα mRNA, IL-28A, IL-29 mRNA and IL-6 mRNA were measured by quantitative one-step RT-PCR (qRT-PCR) assays using primers reported previously (Guo et al., 2017) . β-actin mRNA served as internal control to normalize cytokine mRNAs.
YFV, DENV and ZIKV infection and antiviral assays
THF cells seeded in 96-well plate were mock-treated or pre-treated with indicated STING agonists for 8 h and then infected with YFV, DENV or ZIKV at a multiplicity of infection (MOI) of 0.1 for 1 h and cultured for 48 h. Total cellular RNA was extracted by using NucleoSpin 96 RNA kit (MachereyNagel). The amounts of YFV, DENV or ZIKV RNA were determined by one step qRT-PCR assays on LightCycler 480II (Roche). β-actin mRNA was quantified to normalize the levels of viral RNA. Primers for YFV were as reported previously (Guo et al., 2016) . Primers for DENV are as the following: forward primer 5′-CAGGCTATGGCACTGTCACGAT-3′; reverse primer 5′-CCATTTGCAGCAACACCATCTC-3′. Primers for ZIKV are as the following: forward primer 5′-CCGCTGCCCAACACAAG-3′; reverse primer 5′-CCACTAACGTTCTTTTGCAGACAT-3′. Virus yield reduction assay was performed to measure YFV, DENV and ZIKV titers in culture media. Briefly, monolayers of Vero cells in 24-well plates were infected for 1 h with a serial of 10-fold dilutions of the culture media harvested from infected THF cells followed by overlay with media containing 0.75% methylcellulose and incubated at 37°C for 3-5 days. Plaques were either counted directly or after crystal violet staining (Chang et al., 2013) .
Western blot assay
Cells grown in 24-well plate were lysed with 100 μL NuPAGE ® LDS sample buffer (Thermo Fisher Scientific) supplemented with 2.5% 2-Mercaptoethanol (Sigma). Cell lysate was subjected to denaturing gel electrophoresis with NuPAGE 4-12% Bis-Tris Gel and NuPAGE MOPS SDS Running Buffer (Thermo Fischer Scientific). Proteins were transferred onto a PVDF membrane using iBlot 2 Dry Blotting System (Thermo Fischer Scientific). Membranes were blocked with TBST (50 mM Tris-HCl, pH 7.6; 150 mM NaCl and 0.1% Tween 20) containing 5% nonfat milk for 1 h and incubated with an antibody against cGAS, STING, IRF3, phosphorylated IRF3 or β-actin (Cell Signaling) for overnight at 4°C followed by incubation with LI-COR ® IRDye ® secondary antibodies and imaged with LI-COR Odyssey system (LI-COR Biotechnology).
Immunofluorescent assay
HepG2/STING and HepG2/STINGΔC cells were mock-treated or treated with the indicated concentrations of G10 or DSDP for 2 h. The cells were fixed with PBS containing 4% paraformaldehyde followed by incubation with 0.1% Triton X-100 for 20 min. Cells were then blocked and incubated with an antibody against IRF3 (Cell Signaling). Bound primary antibody was visualized by Alexa Fluor 488-conjugated secondary antibody (Invitrogen) (Zhu et al., 2003) . Cell nuclei were stained with DAPI.
Statistics
Z′ factor (Z′) was calculated using the following equation: Z′ = 1-((3δ p +3δ n )/|μ p -μ n |), where μ p and μ n represent mean values of positive control wells and negative control wells; δ p and δ n are the standard deviations (Zhang et al., 1999) . Coefficient of variation (CV) was calculated using the following equation: CV(%) = δ/μ*100. Z score from each individual test compound was calculated using the following equation: Z score= (t-μ n )/δ n , where t represents value from the test compound. Ratio of signal to background, a parameter to represent signal dynamic was calculated as the following: S/B = μ p /μ n . Ratio of signal to noise, a factor to represent signal strength was calculated as the following: S/N=(μ p -μ n )/δ n . The correlation of replicate plates was assessed by pair wise Pearson correlation analysis. P values were calculated using 2-tailed student's t-test.
Results
Establishment and characterization of cGAS-STING reporter cell lines
In order to establish a highly sensitive cell-based assay for high throughput screening of small molecular compounds that activate human STING, we first established a HepAD38-derived cell line that constitutively expresses human cGAS and STING, which successfully reconstituted a functional cytoplasmic DNA sensor pathway (Guo et al., 2017) . Next, we introduced human ISG54 promoter-driven firefly luciferase expression cassette into the HepAD38/cGAS-STING cell line via lentiviral vector transduction and obtained the cell line HepAD38/cG-AS-STING/ISG54Luc. Meanwhile, a reporter cell line, HepAD38/cGAS-STINGΔC/ISG54Luc, that expresses a truncated STING with deletion of 39 amino acid residues from carboxyl terminus, was also established (Fig. 1A) . Because the C-terminal domain of STING is essential for activation of IRF3 and subsequent induction of cytokines, this later reporter cell line serves as a negative control (Tanaka and Chen, 2012) . Indeed, as shown in Fig. 1B , treatment with agonists of STING, such as 2′3′-cGAMP or G10, but not the agonists of TLR1/2, TLR3, TLR4 or TLR7, efficiently activated luciferase expression in HepAD38/cGAS-STING/ISG54Luc cells, but not in HepAD38/cGAS-STINGΔC/ISG54Luc cells. Furthermore, as anticipated, transfection of dsDNA90, a well known cGAS ligand (Abe et al., 2013) , only induced luciferase expression in HepAD38/cGAS-STING/ISG54Luc, but not in HepAD38/ cGAS-STINGΔC/ISG54Luc cells (Fig. 1C) . The results thus indicate that ISG54 driven luciferase expression can report cGAS and/or STING activation in the HepG2 derived cell lines by their agonists. However, consistent with previous reports that hepatoma cells have an intact RIG-I/MDA5 mediated cytosolic RNA sensing pathway (Israelow et al., 2014) , infection of the two reporter cell lines with Sendai virus, an RNA virus that is known to activate RIG-I, significantly induced luciferase expression in both reporter cell lines expressing wild-type or C-terminally truncated STING in a dose-dependent manner (Fig. 1D) . In summary, these results indicate that the HepAD38/cGAS-STING/ISG54Luc cell line can be used for identification of compounds that activate cGAS-STING and RIG-I/MDA5 pathways, and the differential effects of the agonists in the two reporter cell lines expressing functional or dysfunctional human STING should distinguish which of the two innate immune pathways are targeted.
Performance of HepAD38/cGAS-STING/ISG54Luc cell-based high throughput screening assay
Having demonstrated that HepAD38/cGAS-STING/ISG54Luc cells could sensitively report the activation of cGAS-STING pathway by small molecules (Fig. 1B) , we first determined the activation dynamics of the cell line by STING agonists in a high throughput format. As shown in Fig. 2A , under the condition of 4 h treatment, the highest induction of luciferase by G10 was achieved between concentrations of 12.5-50 μM. A time-course study indicated that 20 μM G10 treatment induced the maximum level of luciferase expression between 4 and 6 h (Fig. 2B) . As expected, no significant induction of luciferase expression by G10 in HepAD38/cGAS-STINGΔC/ISG54luc cells was observed. Accordingly, we determined that the compound concentration and treatment duration for HTS assay should be 20 μM and 4 h, respectively. Such a short term treatment protocol not only allows for completion of the screening procedure within one day, but also limits the potential false negative or positive results due to long-term treatment associated cytotoxicity.
We next determined the key performance parameters of HepAD38/ cGAS-STING/ISG54Luc reporter assay in a 96-well plate HTS format. Treatment of one-half plate of the reporter cells with 20 μM of reference compound G10 or 2% DMSO for 4 h and luciferase activities were determined at 5, 30 and 60 min post addition of luciferase substrate. At different time of plate reading, no significant difference in signal-tobackground ratio (S/B), signal to noise ratio (S:N), CV% or Z′ was observed (Table 1) . As shown in Fig. 3A , using data obtained at 60 min post substrate addition, the positive control wells treated with G10 had a Z score value of greater than 100. The Z′ of the assay is ∼0.8, indicating its high signal dynamic and low variability.
In order to further determine the assay reproducibility, in each of six replicate plates seeded with HepAD38/cGAS-STING/ISG54Luc reporter cells, half of the wells were mock treated with 2% DMSO and half of the wells were treated with a serial concentrations of G10 for 4 h. Fig. 3B showed the average and standard deviation of the luciferase induction by G10 from the six replicate plates. Pearson's coefficient was determined ranging from 0.96 to 1.0 among the replicate plates (Fig. 3C) , suggesting a high reproducibility of the assay under the selected Fig. 1 . Activation of ISG54 promoter in HepAD38/cGAS-STING/ISG54Luc and HepAD38/cGAS-STINGΔC/ISG54Luc reporter cells by a panel of PRR agonists. The expression of cGAS and STING in HepG2, HepAD38, HepAD38/cGAS-STING/ISG54Luc and HepAD38/cGAS-STINGΔC/ISG54Luc reporter cells were detected by Western blot assay using β-actin as loading control (A). The two reporter cells grown in 96-well plates were mock treated, or treated with indicated amount of STING, TLR1/2, TLR3, TLR4 or TLR7 agonists for 4 h (B), transfected with dsDNA 90 for 8 h (C), or infected with SenV for 24 h (D). ISG54 promoter activities were expressed as fold of induction of luciferase activity relative to mock treated controls (mean ± standard deviation, n ≥ 3). * indicates p < 0.05 compared to mock treated control. Fig. 2 . Optimization of high throughput assay. HepAD38/cGAS-STING/ISG54Luc and HepAD38/cGAS-STINGΔC/ISG54Luc cells grown in 96-well plates were mock treated or treated with a serial of doses of G10 for 4 h (A). Alternatively, the two cell lines were treated with 20 μM of G10. The luciferase activities were measured before (0 h) or at the indicated time post treatment (B). ISG54 promoter activities were expressed as fold of induction of luciferase activity relative to 0 h (mean ± standard deviation, n = 6). * indicates p < 0.05 compared to mock treated control.
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Antiviral Research 147 (2017) 37-46 experimental condition. Taken together, HepAD38/cGAS-STING/ISG54Luc reporter cell line can be used for high throughput discovery of cGAS-STING agonists. The assay is quite robust and can be completed within 4 h of treatment with acceptable performance in HTS format.
Discovery of a dispiro diketopiperzine compound as cGAS-STING pathway activator
Screening a library of 16,000 small molecule compounds was carried out under the established HTS experimental condition described above. Raw luciferase values reporting the activation of ISG54 promoter activity were normalized as fold of induction relative to mock treated controls (n = 8) within each assay plate. In addition, a Z score value, which indicates how many standard deviations a test value is from the mean of mock treated controls, was also calculated. Ten compounds that induced luciferase expression by greater than 3-fold and Z score of greater than 5 were scored as primary "hits". The primary "hits" were subjected to further evaluation of dose-dependent effect (from 0.78 to 100 μM) on luciferase expression in HepAD38/cGAS-STING/ISG54Luc and HepAD38/ cGAS-STINGΔC/ISG54Luc cells. Five compounds that dose-dependently induced luciferase expression with peak induction greater than 10-fold in HepAD38/cGAS-STING/ISG54, but not in cGAS-STINGΔC/ISG54Luc cells were considered as confirmed STING pathway agonists. The potency of these compounds was ranked by their concentrations required for 5-and 10-fold induction of luciferase activity. Among these five confirmed "hits", a dispiro diketopiperzine compound, 2,7,2″,2″-dispiro[indene-1″,3″-dione]-tetrahydrodithiazolo[3,2-a:3′,2′-d]pyrazine-5,10(5aH, 10aH)-dione (DSDP) (Fig. 4A) , most potently induced the ISG54 promoter activity in HepAD38/cGAS-STING/ISG54 cells and was selected for further investigation. As shown in Fig. 4B and C, DSDP treatment induced a concentration-dependent luciferase expression and reached 70-fold induction at 50 μM concentration in HepAD38/cGAS-STING/ISG54Luc cells, but failed to induce luciferase expression at any of the tested concentrations in cGAS-STINGΔC/ISG54Luc cells. The results thus suggested that DSDP is most likely a cGAS/STING pathway activator.
To further investigate whether DSDP activation of the ISG54 promoter depends on cGAS, HepG2/STING/ISG54 reporter cells lacking cGAS were treated with a serial concentration of DSDP. As shown in Fig. 4D , DSDP dose-dependently induced ISG54 driven luciferase expression in a similar fashion as that in HepAD38/cGAS-STING/ISG54 reporter cells, with peak induction of 140-fold at 50 μM. In both the reporter cell lines, the CC 50 values of DSDP were greater than 100 μM (Fig. 4E) . These results thus suggest that DSDP activated a cellular component that is downstream of cGAS, but at or upstream of STING.
DSDP activation of interferon-dominant cytokine expression requires a functional human STING
To further validate the biological activity of DSDP, its activity on induction of inflammatory cytokines was investigated in parental HepG2 and HepG2-derived cell lines expressing wild-type or C-terminally truncated human STING, or mouse STING (Fig. 5A) . Consistent with results obtained with ISG54 reporter assays, both G10 and DSDP dose-dependently induced IFN-β, IL29 (IFN-λ1) and TNF-α mRNA expression in HepG2/STING cells, but not in parental HepG2 and HepG2/ STINGΔC cells (Fig. 5B-H) . As anticipated, the mouse STING agonist DMXAA did not induce noticeable IFN-β, IL29 and TNF-α mRNA expression in parental HepG2, HepG2/STING or HepG2/STINGΔC cells ( Fig. 5B-H ), but induced a robust IFN response in HepG2/mSTING cells (Fig. 5I) . However, Similar to G10, a human STING specific agonist, DSDP failed to activate IFN-β gene expression in HepG2/mSTING cells (Fig. 5I) . Hence, our results suggest that like G10, DSDP induces an IFNdominant cytokine response in human STING-dependent manner.
To further confirm the mechanism underlying the G10 and DSDP activation of innate immune response, subcellular localization of IRF3 was determined by immune fluorescence assay. As shown in Fig. 5J and K, both G10 and DSDP treatment induced IRF3 nuclear translocation and phosphorylation in HepG2/STING cells, but not in HepG2/ STINGΔC cells. The results thus indicate that G10 and DSDP activate IRF3 in a functional STING dependent manner.
DSDP induced the expression of cytokines in human fibroblasts and peripheral blood mononuclear cells
In order to determine whether DSDP can activate STING pathway in cells expressing physiologically relevant levels of STING, we examined its effects on proinflammatory gene expression in THF cells, a cell line Fig. 3 . Characterization of high throughput assay using control plates and hypothetical replicate plates. (A) In each batch of experiment, a plate of HepAD38/cGAS-STING/ ISG54Luc cells was used as control plate with 6 columns of the wells treated with 2% DMSO (n = 48) and 6 columns of the wells treated with 20 μM of reference compound G10 (n = 48). The firefly luciferase activities were measured in parallel with all the other test plates at 4 h post treatment. The Z scores were calculated and shown for a representative control plate. (B and C) HepAD38/cGAS-STING/ISG54Luc cells were seeded in 6 of 96-well plate. Each plate had 6 columns of the wells treated with 2% DMSO (n = 48 per plate) and the other columns of the wells treated with 6 increasing concentrations of G10 (n = 8 per dose, per plate). The average luciferase value in treated wells relative to control wells (fold of induction) were calculated from 6 plates, and expressed as mean ± standard deviation. * indicates p < 0.05 compared to mock treated control (B). Pairwise Pearson's coefficient of data on 6 hypothetical replicate plates was shown in a correlation heat map (C). Antiviral Research 147 (2017) 37-46 derived from primary human diploid foreskin fibroblasts (HFF) with extended passage life, as well as human peripheral blood mononuclear cells (PBMCs). As shown in Fig. 6 , similar to G10, DSDP treatment of THF cells for 6 h dose-dependently induced the mRNA expression of IFN-β, and to a lesser extent, IL-29, TNF-α, and IL-6. Also similar to 2′3′-cGAMP, the endogenous ligand of STING, DSDP treatment of PBMCs derived from three different donors efficiently induced mRNA expression of both type I (IFN-β) and type III (IL-28A and IL-29) IFNs, but not TNF-α (Fig. 7) .
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DSDP inhibited the replication of multiple flaviviruses in THF cells
Finally, to investigate whether DSDP activation of human STING pathway induces an antiviral response, THF cells were mock-treated or pre-treated with the indicated concentrations of DSDP for 8 h. The cells were then infected with YFV, DENV or ZIKV at a MOI of 0.1. Forty eight hours post infection, intracellular viral RNA and virus yields in culture media were determined by qRT-PCR and plaque assays, respectively. As shown in Fig. 8 , DSDP treatment significantly reduced the intracellular YFV and DENV RNA levels at concentration as low as 6.25 μM or at 25 μM for ZIKV (Fig. 8A, C and E) . Consistent with the inhibition of viral RNA replication, the virus titers were reduced by at least 1 log at 6.25 μM, and 2 to 4 logs at higher concentrations of DSDP treatment (Fig. 8B, D and F) .
Discussion
Pharmacologic activation of STING has been shown to induce interferon and cytokine responses that efficiently inhibited virus replication and attenuated viral disease progress in mouse models Sali et al., 2015; Shirey et al., 2011) . It has also been demonstrated that cGAS-STING pathway is important for intrinsic antitumor immunity and treatment of solid tumors with variety of STING agonist formulations activated dendritic cells and enhanced cross-presentation of tumor associated antigens to CD8 T cells, which resulted in the suppression of tumor growth and improvement of tumor-bearing animal survival . Moreover, cGAS-STING pathway-mediated immune activation also plays an important role in gamma-radiation treatment of cancers (Deng et al., 2014) . Interestingly, it was shown recently that cGAS is indispensable for the antitumor effect of immune checkpoint blockade in mice. Wild-type, but not cGAS-deficient, mice exhibited slower growth of B16 melanomas in response to a PD-L1 antibody treatment. Consistently, the combination of cGAMP and PD-L1 antibody exerted stronger antitumor effects than did either treatment alone . In addition to their antiviral and anti-tumor activities, activation of cGAS and STING also promotes vaccination induced immune response (Wang et al., 2017) . Hence, the agonists of cGAS-STING pathway hold a great promise for treatment of viral infections and cancers, either as immunotherapeutics to activate intrinsic host antiviral and antitumor immune response or B. Liu et al. Antiviral Research 147 (2017) 37-46 adjuvants of therapeutic vaccinations to break host immune tolerance against chronically infecting viruses and tumor cells. However, despite the great promise, there are only very limited chemotypes of STING agonists in the development pipelines and discovery of novel chemotypes of cGAS-STING pathway agonists with improved pharmacological property should facilitate the development of this therapeutic strategy toward its clinical use. In this study, we established a HepAD38-based luciferase reporter assay for HTS discovery of novel agonists of cGAS-STING pathway. Systematic evaluation of the assay's performance in HTS format demonstrated its high signal dynamic range in response to STING agonist treatment and low variability. The assay is robust and only 4 h of treatment is needed to induce a significant reporter luciferase signal. It is worth noting that in the reporter cells the ISG54 ISRE1 promoter controls the expression of both GFP and firefly luciferase, and therefore, although not relevant to the current screening, should preclude any GFP-based readouts in parallel. In addition to cGAS-STING pathway, the HepAD38-derived reporter cell line also has a functional RIG-I/MDA5 pathway, but is not responsive to all the TLR agonists tested. The primary screening with HepAD38/cGAS-STING/ISG54Luc cells should not only identify the agonists of cGAS-STING pathway, but also of the RLR pathway. The later are also valuable candidates of immunotherapeutics for viral infections.
In order to categorize the primary "hits" and identify their molecular targets, all the primary "hits" were counter-screened with HepAD38/cGAS-STINGΔC/ISG54Luc cells. The compounds only active in HepAD38/cGAS-STING/ISG54Luc cells most likely activate STING or cellular components upstream of STING in the cGAS-STING pathway. On the contrary, the compounds active in both cell lines most likely activate RLR or downstream shared signaling components by STING (F and H) . The induction of IFN-β mRNA was detected in HepG2/mSTING expressing mouse STING (I). The mRNA levels of the cytokines were measured by qRT-PCR assay using β-actin as internal control and expressed as fold of induction relative to mock treated control (mean ± standard deviation, n = 4). * indicates p < 0.05 compared to mock treated control. (J and K) HepG2/STING and HepG2/STINGΔC cells were mock treated or treated with 50 μM of either DSDP or G10 for 2 h, followed by immune staining of IRF3 () (J) and Western blot assay to detect the total and phosphorylated IRF3(K). M, marker of 50 KDa (upper and middle panels), or 37 KDa (lower panel).
B. Liu et al. Antiviral Research 147 (2017) 37-46 Cells were then infected with YFV, DENV, or ZIKV at MOI of 0.1 for 1 h followed by culture for additional 48 h. Total cellular RNAs were extracted to detect viral genomic RNA by qRT-PCR using β-actin as internal control (A, C and E). Values represented percentage to mock treated controls (mean ± standard derivations, n = 3). Culture media were harvested and the virus titers (B, D and F) were determined by plaque assay and presented as number of plaque forming units per milliliter medium (PFU/ml) (mean ± standard derivations, n = 3). UD, under detection limit. * indicates p < 0.05 compared to mock treated control.
and RLR pathways. To further determine if the compounds activate cGAS or cellular components downstream of cGAS, we also evaluated their activity to induce interferons and cytokines in HepG2-derived cells expressing human STING or mouse STING. A compound that only induces the cytokines in human STING-expressing cells strongly indicates its direct targeting of human STING. Through screening 16,000 compounds, one compound, DSDP, fits this criterion and is thus a specific human STING agonist. Our results indicate that the primary screening assay is highly specific and has very low "hit" rate and false positive rate. This greatly reduced the burden of "primary hit" validation and categorization. Finally, because our primary screening and "hit" validation/categorization were performed with hepatoma cells ectopically expressing cGAS and/or wild-type and mutant STING, the validated cGAS-STING pathway agonists should be further confirmed in cells that express physiological levels of STING. In this study, the ability of DSDP to activate interferon and cytokine response and induce antiviral state was validated in human fibroblasts and peripheral blood mononuclear cells derived from three individuals. The slight difference in cytokine induction profiles between HepG2/STING and THF cells could simply due to the difference in the levels of cGAS/STING expression or other cellular components in the cGAS-STING signaling pathway between the two cell lines. The quantitative difference in cytokine induction and kinetics between DSDP and a reference compound G10 could be due to many reasons. Most possibly, the two compounds may bind and activate STING via distinct mechanisms. Taken together, we have developed a robust assay system for HTS discovery and validation of the agonists of human cGAS-STING pathway. Identification of DSDP as a human STING agonist enriches the pipeline of STING-targeting drug development and provides a chemical probe for investigating the molecular mechanism of STING activation and biological functions.
